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Results and discussion
The genome sequence of the nematode Caenorhabditis indicating that their ability to digest food, absorb nutrients, and produce yolk proteins is not severely impaired. elegans reveals over 260 predicted NR genes ([6] ; A.S., unpublished data). Initial comparative analysis of the We therefore tested nhr-8(ok186) animals for toxin resistance, as studies of ABC transporters have implicated nematode NRs, based on the highly conserved DNA binding domain (DBD) sequences, placed 15 of the wild-type intestinal function in defense against ingested The nhr-8::GFP was constructed by a two-step PCR cloning strategy [26] and contains ‫8.6ف‬ kb of upstream genomic sequence, the nhr-8 transcription and translation start sites, and 49 nhr-8 codons fused in frame to GFP-coding sequences. A total of five independently isolated nhr-8::GFP fusion plasmids were used to generate transgenic nematode strains. All transgenic strains exhibited identical GFP activity. (a) DIC micrograph of a transgenic larva (arrows mark the anterior/posterior extent of the intestine of the transgenic larva) and a wild-type larva (indicated by an arrowhead). (b) Epifluoresence micrograph of the NHR-8 is a member of the VDR/PXR/CAR subfamily of NRs. A animals in (a), revealing fusion protein expression only in the neighbor-joining tree of selected conserved NR sequences was transgenic animal. (c) PCR amplicons from nhr-8(ok186) genomic generated with CLUSTAL_X as described in Materials and methods.
DNA were sequenced to reveal a large deletion removing 1.3 kb Bootstrap values from 1000 replicates are represented by hatch including four exons and the 3Ј splice junction of the last intron. The marks on the supporting branches: (/), 50%-79%; (//), 80%-94%; DBD is designated by the stipled box. The nhr-8(ok186) sequence and (///), 95%-100%. Branch points marked with dots were is indicated with the exon sequence in capital letters, the intron preserved in a maximum parsimony analysis of the same sequences.
sequence putative null allele of the ABC transporter gene pgp-3 (Figures 3a ,b). Evaluation of transgenic rescue of nhr-8(ok186) in the toxin sensitivity assay was inconclusive due to the from bacterial proliferation within the nematode gut [10, variable transmission of C. elegans transgenes. However, 11]. Wild-type C. elegans is reasonably resistant to fast RNA-mediated interference [9] of nhr-8 function also rekilling, unless exposed to the pathogenic bacteria in a sults in increased toxin sensitivity, demonstrating that high-osmolarity environment. In contrast, nematodes with the phenotype is due to the reduction of nhr-8 function double mutations for pgp-3 and another endodermally ex- (Figure 3c ). We find that nhr-8(RNAi) animals are more pressed ABC transporter, pgp-1 [5], are sensitive to fast sensitive to the toxins than nhr-8(ok186) mutants, sugkilling even in a low-osmolarity environment [12] . We gesting that the nhr-8(ok186) protein may harbor residual tested the pgp-3 and nhr-8 mutants for susceptibility to activity (Figure 3c ). Taken together, these data indicate fast killing by P. aeruginosa. We found that pgp-3(pk18), that NHR-8 contributes to xenobiotic resistance.
but not nhr-8(ok186), animals are more sensitive than wildtype to this bacterial toxicity (Figure 4) . Importantly, this Another toxin known to kill C. elegans is the aromatic observation demonstrates specificity in the toxin sensitivpyocyanin, phenazine, produced by the pathogenic bacteity of nhr-8(ok186) animals. rium Pseudomonas aeruginosa. This pathogen kills C. elegans by two modes: "fast killing", which requires bacterial phenazine production, and "slow killing", which results
The similarities in colchicine and chloroquine sensitivity nhr-8(ok186) is not sensitized to fast killing by P. aeruginosa. The graph shows the percentage of worms killed after 6 hr of exposure to the PA14 strain of P. aeruginosa. P. aeruginosa fast-killing assays were performed as described [12] . Each column is the mean Ϯ the standard error of five replicates of 15 L4 larvae. Sorbitol was included to increase the osmolarity of the plates, as required for fast killing by P. aeruginosa [10] .
between nhr-8(ok186) and pgp-3(pk18) mutants, along with their different susceptibilities to phenazine, demonstrate that NHR-8 and PGP-3 have overlapping, but distinct, toxin specificities. pgp-3 mRNA levels are not dramatically altered in nhr-8(ok186) mutants (Figure 2d ). It is a formal possibility that pgp-3 expression in nhr-8(ok186) is due to expression in tissues that do not contain NHR-8, as PGP-3 is present in the pharynx, the excretory cell, and the gut [5], while we only detect nhr-8 promoter activity in the gut. However, since these tissues are comprised of only a few cells and the gut is responsible for the majority of pgp-3 expression [5], it seems likely that pgp-3 transcription is not reduced in nhr-8(ok186) animals, a finding that is consistent with the observation that nhr-8(ok186) animals do not exhibit the full spectrum of toxin sensitivities found in pgp-3(pk18) animals. Also consistent with overlapping, but distinct, functions for the two genes is the finding that reduction of nhr-8 function in pgp-3(pk18) mutants, via either the nhr-8(ok186) allele (Figures 3a,b) or nhr-8(RNAi) (data not shown), further reduces toxin resistance. However, full analysis of any genetic interaction between the two genes awaits isolation of a definitive null allele of nhr-8.
Loss of nhr-8 and pgp-3 activity causes increased toxin sensitivity.
In vertebrates, exogenous xenobiotic and pharmacologic
The graphs indicate the percentage of animals surviving to the adult stage versus increasing concentrations of toxin. Each column shows the mean Ϯ the standard error of the percentage of surviving progeny to the injected RNA is daf-12 (41% nucleic acid identity), which is from four hermaphrodites. For some points, the standard errors are required for the development of the dauer larva. Injection of nhr-8 too small to be seen. (a,b) The nhr-8 and pgp-3 mutants display dsRNA does not prevent dauer formation (data not shown), indicating very similar sensitivity to both (a) colchicine and (b) chloroquine. Both that the injected RNA does not impact daf-12 function and the mutants are more sensitive to the toxins than wild-type animals. (c) nhreffects are specific to perturbation of nhr-8 function. The injection 8(RNAi) phenocopies the nhr-8(ok186) toxin sensitivity. RNAi was procedure does not cause toxin sensitivity, as animals injected with performed by injection as described [28] . To minimize the potential GFP dsRNA are no more sensitive to colchicine than are uninjected for cross-interference with other NR genes, the double-stranded nhr-8 animals. RNA employed did not include the sequences encoding the conserved DBD. Other than nhr-8, the C. elegans gene most similar
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Consortium. We recovered nhr-8(ok186) homozygotes that had been compounds can regulate gene expression via specific outcrossed four times, using PCR to detect the deletion allele in the members of the NR class containing NHR-8 [2-4]. For single parent of a clonal population (strategy described in [22] In vertebrates, xenobiotics act as ligands for PXR, CAR, and PPAR [3] . We speculate that colchicine and chloTo assess killing by the toxins, single hermaphrodites were allowed to roquine function as ligands for NHR-8. One model of lay eggs in individual wells for a 12 hr interval and were then transferred to fresh wells. Hatched larvae were observed over the course of 7 days the evolution of NR ligand regulation proposes that the for survival to adulthood (wild-type animals complete postembryonic ancestor of the VDR/PXR/CAR subfamily was among the development within 3 days, [25] ). Data for each toxin and nematode first NRs to gain ligand binding capabilities [18] . The combination is the average of the total percent lethality of the progeny conservation of an ancient xenobiotic resistance function from three 12 hr collections from four hermaphrodites.
coupled with the endodermal expression of these recep-
Supplementary material
tors is consistent with this hypothesis.
Supplementary material including an nhr-8 developmental Northern analysis and additional methodological details is available at http://
We propose that pgp-3 and nhr-8 contribute to two modes images.cellpress.com/supmat/supmatin.htm. of toxin resistance: mechanical removal of toxins by the PGP-3 transporter and NHR-8-activated expression of
